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Abstract 
Pipelines are often referred as "lifelines" and this demonstrates that pipelines play an important role in human’s life. 
Due to huge length and wide geographical distribution of pipelines, they are subjected to more seismic hazards. 
Seismic wave propagations affect the operation of buried pipelines which influence safety of these systems during 
and after earthquakes. Wave propagation causes out-of-phase displacements through pipe’s longitudinal axis. As a 
result of more gradient and concentration of stresses and strains, damages increase in bend areas. Considering this 
subjects, it is crucial to study the buried pipelines’ behavior especially in elbow regions. The interaction between soil 
and pipe has been evaluated by using nonlinear springs as suggested by American Lifeline Alliance which can 
consider slipping between pipe and soil. In 3D finite element models used in this study, applied wave is distributed 
spatially as a sine wave over the longitudinal leg of elbow. Results showed that mechanical properties of soil can 
affect the response of pipe in elbow region. In the presented paper, in addition to using beam model, a beam - shell 
hybrid model is used to find the pipe response in the elbow region and the results of these two methods are compared. 
© 2011 Published by Elsevier Ltd. 
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1. Introduction 
Oil and gas industries and extraction of petroleum products play significant roles in economy of 
countries. Due to considerable length and wide geographical distribution of pipelines, they are subjected 
to different seismic hazards such as faulting, liquefaction phenomena and wave propagation. In recent 
years, several researches have investigated the effect of wave propagation on the behavior of buried 
pipelines and interaction between pipe and soil. Newmark offered a simple analytical method assuming 
the same strain in the soil and the pipe and negligible soil-pipe interaction (Newmark 1964). Afterwards, 
the proposed method was extended by other researchers. In a subsequent publication, another analytical 
solution was developed for straight pipes with similar assumptions and showed that inertial forces have a 
minor effect on the pipe response (Takahashi and Sakurai 1969). Separated investigations were conducted 
about the pipes with right angle elbow (Shah and Chu 1974; Goodling 1983; Hosseini and Tiv 1997). 
They assumed that the direction of propagated wave is parallel to the axial direction of longitudinal leg of 
elbow and distribution of strains along the pipe is uniform. Consequently, they developed an analytical 
solution to calculate the effective slippage length of soil and strains in the elbow. After that, a modified 
version of the simplified equation introduced by Takahashi was adopted and defined a conversion factor 
between the strains in the soil and the pipe with right angle elbow (Shinozuka and Koike 1979). Wave 
direction has been assumed parallel to longitudinal leg of the elbow and its distribution has been 
considered in sinusoidal form. Subsequently, the soil stiffness in axial direction of longitudinal leg was 
simulated using a linear spring with stiffness kg and therefore the slippage in the interface of soil and pipe 
was calculated. So, a simple equation derived to approximate the maximum strain in the straight pipes 
(O’Rourke and Liu 1999). Assuming a sinusoidal distribution of soil strains on the longitudinal leg and 
using springs to simulate the slippage, and analytical and 2D quasi static numerical solutions for response 
of pipes with right angle elbow against Rayleigh waves was performed (McLaughlin and O’Rourke 2009). 
They also evaluated the effect of some major parameters such as wave length and soil strains which affect 
the structural response of the pipes in elbow. 
As mentioned above and according to the authors’ investigations, little research is conducted directly 
on buried pipelines with 90 degree elbow which is mainly important due to stress concentration and 
additional flexural strains in the elbow region. Effects of soil mechanical properties and geometrical 
parameters such as diameter-to-thickness (D/t) ratio and radius of bent on the response of pipe under 
wave propagation seem to be of some interest, demonstrating the necessity of investigation on the 
aforementioned topic. The differences between two common simulation methods for modeling of 
pipelines (beam model and hybrid model) have also been studied. 3D numerical models have been 
analyzed to make a comparison between two methods because of major differences in modeling time, 
memory requirement and CPU cost. 
2. MODELING 
The response of buried pipelines in bent area has been obtained from 3D finite element analysis 
considering interaction between the pipe and the soil and involving both geometrical and material 
nonlinearities. For this, general- purpose finite element program ABAQUS is employed. Two sets of 
analysis were performed consisting beam model which the pipe simulated using beam elements and 
hybrid model which the pipe simulated using a combination of beam and shell elements. Details of finite 
element models are described in the following section. 
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2.1. Model geometry and loading 
Geometry of the model consists of three parts: longitudinal leg, elbow region and transverse leg. As 
shown in Error! Reference source not found., direction of wave propagation is assumed to be parallel 
to the longitudinal leg of the elbow. Since the Rayleigh wave travels along the ground surface and 
horizontal component of the ground motion is parallel to the propagation path, some axial strains will be 
induced in longitudinal leg of pipe. Therefore, in the current study, this type of wave is applied in the 
model and ground displacement is considered to be a sinusoidal distribution in the wave direction. So, if 
the applied wave has a wavelength equal to L , only a quarter of wave length ( 4L/ ) could be 
considered in the model. Figure 1 shows that in said situation, minimum and maximum displacements 
occur in axial direction at the start of the longitudinal leg and the elbow region, respectively. It should be 
noted that the maximum axial displacement of longitudinal leg applied as uniform distribution for lateral 
displacement of transverse leg. Ground displacement in the axial direction of longitudinal leg of the pipe 
Ug(x) was defined as (O’Rourke and McLaughlin 2009): 
)2(sin)
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L=İxU gg  (1) 
Where İg is the soil strain and L is the wave length equal to 0.005 and 500 meters respectively. Also, x 
refer to distance from start of longitudinal leg. Since 3D analysis of buried pipelines has been employed 
in the current study, vertical component of Rayleigh wave should be considered in the model. It is 
observed that phase difference between vertical and horizontal components of the wave is equal to ʌ/2. So, 
vertical displacement of soil due to the wave assumed to have a cosinusoidal distribution. 
 
Figure 1: Schematic representation of wave direction and arrangement of soil springs  
2.2. Pipe-soil interaction 
In the current study, spring elements in orthogonal directions were employed to simulate the pipe-soil 
interaction. Nonlinear force-displacement properties of springs per unit length of pipe in three directions 
(axial, transverse horizontal and transverse vertical) are depicted in Figure 2 (American Lifeline Alliance, 
ASCE 2001) and they are also capable to simulate the slippage.  
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Figure 2: Nonlinear force-displacement properties of spring elements (ALA 2001) 
Another type of buried pipe model consists of shell elements. The whole length of pipeline is usually 
too long for a shell-mode calculation because of the limitation of memory and calculation time. Therefore, 
in this study a beam-shell hybrid model has been employed. Elbow region and a length of 15 times the 
diameter in each leg are simulated by shell elements. Also beam elements were used to simulate the rest 
of the pipe. Number of elements in the cross section of pipe in the first region is chosen equal to 24 
elements, to achieve convergence of solution and adequate accuracy of the numerical results. Following 
an investigation (Lysmer and Kuhlemeyer 1969), elements' length considered to be less than 1/9 of the 
wave length corresponded to maximum component of applied wave frequency. Also, because of large 
stress gradient and the concentration of stress and strain, a finer mesh is employed for the elbow region. 
Arrangement of spring elements and distribution of their stiffness around the circumference of the 
pipe is the main matter in the shell model. It should be in a form that the summation of the soil spring 
stiffness per unit length along the pipeline be equated to the corresponding value for the beam spring 
model mentioned in the previous section. For example, Error! Reference source not found. shows the 
arrangement of transverse vertical spring elements around the circumference of the pipe in the shell 
model. 
 
Figure 3: Arrangement of lateral springs around of pipe perimeter in the shell model 
Ultimate strength for horizontal and vertical transverse soil springs (pu and qu respectively) is 
distributed on total springs in each side of the circular section. The stiffness of springs around the pipe are 
considered to be proportional to the loading area of each spring. Thus, values of springs’ stiffness in the 
middle and end sections of each semicircle are maximum and minimum, respectively. Ultimate strength 
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for axial soil springs (tu) is distributed evenly and consequently all axial springs around the circumference 
of the pipe have the same proportion of stiffness. 
2.3. Pipe and soil properties 
Geometrical dimensions and mechanical properties of pipe material have been used in this paper are 
according to API-5L-2000 (see Table 1). 
Table 1: Geometrical dimensions and mechanical properties of pipe material (API 2000) 
Ultimate 
Stress 
ıX (Pa) 
Yield Stress 
ı\ (Pa) 
Poisons 
Ratio 
 (ȣ) 
Elastic 
Modulus 
((Pa) 
Density 
(Kg/m3) 
Elbow 
Radius 
(5) 
Thickness 
W (mm) 
Diameter 
' (mm) 
Pipe 
Material 
517.7e+6 465.4e+6 0.3 210e+9 7850 3D 9.5 400 
Steel API-
X65 
Effect of mechanical properties of soil on the seismic response of pipeline in the bent area has also 
been evaluated. Therefore, six types of soil mechanical properties have been analyzed as shown in Tables 
2 and 3. 
Table 2: Mechanical properties of sandy soils (Bowles 1996) 
.0
Friction angle between pipe 
and soil (deg) 
Internal friction 
angle  ĳ (deg) 
Unit weight 
(KN/m3) 
Soil Type 
0.53 17 28 14 Loose Sand 
0.43 21 35 18 Medium Sand 
0.3 27 45 22 Dense Sand 
Table 3: Mechanical properties of Clayey soils (Bowles 1996) 
N´70 
Undrained shear strength, Su 
(KPa) 
Unit weight 
(KN/m3) 
Soil Type 
0-2 10 16 Soft Clay 
6-10 50 18 Medium Clay 
20-30 200 21 Stiff Clay 
Boundary condition of transverse leg of the pipe is of great importance for modeling because of the 
significant effect of transverse leg length on the response of pipe in the elbow region. Infinite modeling of 
pipe length could provide more accuracy in analysis results, but due to calculation limitations, only a 
finite length of the pipe is possible to consider in the model. It can be assumed that, the lateral relative 
displacement between soil and pipe in the long distance region has low effects on the response of pipe in 
the study area (elbow region). So, only the soil friction along the axial direction affects the pipe response 
(Takada et al. 2004). As shown in Figure 4, friction forces of the soil surrounding a certain length of the 
pipe (OB) caused by force F consists of two parts: static soil friction (OC) and slippage soil friction (CB). 
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Point O at the end of pipe is considered to be fixed and have no displacement. Finally, the relation 
between axial force F and elongation of the pipe ¨L is demonstrated in equation 2 which can be applied 
to end of model as nonlinear springs.  
 
Figure 4: Equivalent boundary for simulation of infinite length of pipe (Takada et al. 2004) 
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(2) 
Where E is the soil module of elasticity, A is the pipe section area, fs is the slippage soil friction in unit 
length of the pipe and ıy is the yield stress of steel. 
3. Results 
3D nonlinear numerical analysis of buried pipeline with 90 degree elbow has been performed and the 
effects of soil mechanical properties, D/t ratio and the radius of bent (R) have been investigated. 
Differences between results obtained from beam model and hybrid model have also been studied. 
3.1. Effect of soil mechanical properties 
As previously mentioned, effect of six types of soil properties on the response of pipe in the elbow 
region were studied in both beam and hybrid models. The results can be seen in Figure 5. 
  
Figure 5: Effect of simulation method on the maximum axial strain in the elbow region of buried pipeline, a) sand, b) clay 
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As shown above, an increase in the soil stiffness leads to major strain in the elbow region. In fact, 
smaller slippages in stiff soils cause to close displacements in pipe and soil and therefore increase the 
strains. It has also been shown that there are negligible differences between results obtained from two 
simulation methods. Although the beam model requires lower memory and calculation time in a 
comparison with hybrid model, it provides acceptable results. 
3.2. Effect of D/t ratio 
In this part of the study, the effect of D/t ratio on the maximum axial strain in the elbow region of 
buried pipeline has been studied for soils with various properties. Figure 6 shows the results. 
 
Figure 6: Effect of D/t ratio on the maximum axial strain in the elbow region of buried pipeline, a) sand, b) clay 
As demonstrated in Figure 6, in sandy soils, as the D/t ratio increased, the axial strain in the elbow 
raised up until it reached the yield strain of the pipe, but different results observed in clays. For clays with 
higher cohesion, increasing process reduced due to an increase in D/t ratio until in medium and stiff clay 
soils decreasing process observed. 
3.3. Effect of elbow radius 
Effect of elbow radius on the axial strains in the elbow region is another instance investigated in the 
current study. Results presented in Figure 7. 
 
Figure 7: Effect of elbow radius on the maximum axial strain in the elbow region of buried pipeline, a) sand, b) clay 
As shown in the above figure, in both sand and clay soils an increase in radius of bent causes larger 
axial strains in elbow which may because of stress concentration in this region. 
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4. Conclusion 
Numerical analysis on seismic response of buried pipeline with right angle elbow has been performed. 
The results reveal that: 
z There is a direct relation between the soil stiffness and axial strains in the elbow because of 
smaller slippage in stiff soils. 
z There is a small difference between the beam and the hybrid model results and therefore in wave 
propagation analysis on buried pipelines, hybrid model is not an advisable simulation method 
because of high memory and calculation time requirements. 
z In sandy soils, an increase in D/t ratio leads to increasing the axial strain in the elbow, but in clay 
soils with an increase in cohesion properties dissimilar results have been observed. 
z An increase in elbow radius causes larger axial strains in bent area. 
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